Abstract-Owing to their ability to move a target in space without requiring propellant, laser-based deflection methods have gained attention among the research community in the recent years. With laser ablation, the vaporized material is used to push the target itself allowing for a significant reduction in the mass requirement for a space mission. Specifically, this paper addresses two important issues which have remained unanswered by previous studies: the impact of the tumbling motion of the target as well as the impact of the finite thickness of the material ablated in the case of a space debris. We developed an analytical model based on energetic considerations in order to predict the efficiency range theoretically allowed by a CW laser deflection system operating under the plasma formation threshold and in absence of the two aforementioned issues. A numerical model was then developed to solve the transient heat equation in presence of vaporization and melting and assess the efficiency reduction due to the unsteadiness induced by the tumbling motion of the potentially hazardous object (PHO). The model was translated to handle the case where the target is a piece of space debris by considering specific materials such as aluminum and titanium alloys or even carbon fiber and by adapting the finite size of the computational domain along with the propagation of the ablation front. From the results of this later model, pulsed lasers appear better suited to answer the needs of a space debris de-orbiting laser system rather than CW lasers. An empirical ablation threshold is also found that establishes a direct relation between the pulse duration or the heating time (CW case), the delivered flux and the properties of the material. Derived from theoretical consideration, this threshold matches well with the predictions of our numerical model. Moreover, the numerical results are found to agree with published data of thrust coupling coefficient on targets made of aluminium and titanium alloys. In the second part of the paper, we coupled our thrust model within an orbit propagator and considered several redirect scenarios for the case of a small(56m) and a larger(100m) asteroid as well as an 8-ton defunct satellite currently orbiting in a sun-synchronous orbit at a 765km altitude. In each scenario, the laser is assumed mounted on a spacecraft that will first rendez-vous with the target and will then operate from a safe distance (500m). Based on the results, realistic mission architectures are explored. Within the last section, the paper also highlights the advantages offered in term of redundancy and scalability by techniques such as beam combining or formation flying. We show that a medium class mission carrying a CW laser system able to generate 2.4kW of output power could ensure the deflection of a 56m asteroid while a formation of such spacecraft could also achieve the deflection of a larger threat. For the debris case, our preliminary results indicate that a spacecraft carrying an actively Q-switched diodepumped solid state laser (DPSSL) able to generate 3kW of output power would bring the altitude of Envisat down to 400 kilometers in less than 500 days.
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INTRODUCTION
The recent years have seen an increasing public awareness over the catastrophic consequences that would arise from the collision between an asteroid and the Earth. Popularized by science-fiction movies such as Deep Impact or Armaggedon, the usual fear is that of a large impactor ( 10km) causing global-scale devastation. While evidences, such as the Chicxulub crater, points out that such events indeed happened in the past and will happen again, the impact frequency of a 10km bolide is on the order of 1 every 100 millions years [1] . On the other hand, smaller bodies, such as the asteroid responsible for the Chelyabinsk event two years ago are much more frequent and therefore more likely to represent an immediate threat to our terrestrial assets. As an example, the asteroid that struck Tunguska in 1908 was only about 60 meters across [2] , yet knocked down 80 million trees over an area of 2000 square kilometers. Thus, there is a clear rationale to develop technologies that are able to manipulate precisely the trajectory of these small asteroids.
Generally speaking, deflection methods can be divided into two main categories: impulsive and slow-push. Impulsive techniques are generally modelled with an instantaneous change of momentum given by, for example, a nuclear explosion (nuclear interceptor) or the hypervelocity impact of a spacecraft (kinetic impactor) with the asteroid. Slow-push methods, on the other hand, allow for a more controllable deflection manoeuvre by exerting a small continuous and controllable force on the asteroid over an extended period of time. Also, downscaling the concepts for slow-push deflection methods would in principle allow to consider also their use to the case the target is a man-made space debris rather than an asteroid, something not feasible with impulsive techniques.
Over the past years many slow-push concepts have been proposed and studied at various degrees of accuracy. Many of them are based on the use of electric propulsion and therefore require a dedicated propulsion system and propellant to generate the necessary deflection. In contrast, slowpush ablation-based methods (such as direct solar or laser ablation) aim at exploiting the material the asteroid is made of, to generate the required thrust. In the work of Kahle [3] and Vasile [4] , however, it was shown that the contamination of the solar collectors, severely limits the effectiveness of direct solar ablation. On the other hand, as demonstrated by Vasile [5] , if the deflection is achievable in a given limit time, laser ablation techniques require a lower mass into space than electric propulsion methods. The use of lasers, compared to directly focusing the light of the Sun, implies higher conversion losses but has the distinctive advantage to provide high light intensity at lower power and longer distance from the target.
Several mission concepts using in-space laser ablation have been investigated in the past using a single laser powered by nuclear reactors [6] or swarms of lasers powered by the Sun [7] . A swarm of spacecraft flying in formation in the proximity of the target asteroid allows combining multiple beams to produce a high thrust level while keeping the power and thermal systems to a manageable size and complexity on each individual spacecraft. In addition, the swarm offers a more reliable system [8] in the case of failure of a single spacecraft and a more controllable thrust vector as ablating different parts of the asteroid surface will reduce the uncertainty on the direction of the resultant thrust vector.
Recently, a concept study supported by the European Space Agency, demonstrated the feasibility of laser ablation at changing the orbital velocity of a 130 tons S-type asteroid by 1 m/s in less than 1 year. The concept, called Light Touch [9] , was considering the use of a commercial fibre laser, installed on a 453kg spacecraft, and requiring between 460W and 860W of input power.
In this paper, we study the efficiency of deflection methods using laser ablation both for asteroids and space debris. The key metric to assess the performance is given by the socalled thrust-coupling coefficient, which is given by the ratio between the thrust magnitude and the optical power required to generate that thrust. The paper is divided in 3 sections. In section 1, the principle underlying the ablation physics and the way the thrust is formed from the vaporized plume is reviewed. A precise numerical model is then developed for an asteroid or thin debris materials such as aluminum or titanium alloys and carbon fiber. These results suggest that pulsed lasers system are better suited to answer the needs of a space debris de-orbiting laser system rather than CW lasers. An empirical ablation threshold is also found that links the pulse duration (or the mean heating time in the tumbling CW case), the delivered flux and the properties of the material. Derived from theoretical consideration, this threshold matches well with the predictions of our numerical model. Moreover, the numerical results are found to agree with published data of thrust coupling coefficient on target made of aluminium and titanium alloys. In the second part of the paper, we couple this thrust model within an orbit propagator and considered several redirect scenarios for the case of a small (56m) to larger(100m) asteroid and an 8-tons defunct satellite currently orbiting in a sun-synchronous orbit. Based on the results, realistic mission architectures are finally explored for these scenarios. Within this last section, the paper also investigates the advantages offered in term of redundancy and scalability by techniques such as beam combining or formation flying. To conclude, we indicate that a medium class mission carrying a 5kW laser could ensure the deflection of a 56m asteroid while a formation of such spacecraft could also achieve the deflection of a larger (100m) threat.
MECHANICAL COUPLING DURING THE ABLATION PROCESS
This section reviews the principle underlying the laser ablation deflection method. The general physics is explained in the first subsection while a numerical model is derived in the next subsection to demonstrate the reduced efficiency linked with the rotation of the target. The same model is then used to predict the efficiency of pulsed wave laser for space debris and is compared with existing experimental data for titanium and aluminium alloys. The last subsection details the contamination model and some parameters derived from previous experimental work carried in our lab using a 100W CW fiber-coupled laser and asteroid analogue samples [10] .
Ideal Model
We consider in this work a rocky S-type asteroid essentially made of forsterite as well as several materials that can be found in space debris such as aluminium and titanium allows and carbon fibers. Assumed properties can be reviewed in [12] . When available, high temperature electric resistivity measurements can be used to reconstruct the thermal conductivity using the WiedemannFranz law [13] . A 1D approach is selected which means that the thermal gradients in the lateral directions are assumed to be much smaller than the thermal gradients in the axial direction. This is typically valid for laser ablation processes in which the heated layer thickness is much smaller than the laser spot radius. With α the thermal diffusivity of the material, equal to the ratio between the thermal conductivity k and the product of the density ρ and the heat capacity c l so that α = k ρc l , the heated layer thickness grows approximately with √ αt in the transient regime and becomes proportional to α U 2 when a standing evaporation wave with interface recession speed U develops in the steady-state regime [17] . With the notable exception of carbon, the surface temperature reached during the ablation process is substantially higher than the triple point of the substance considered. Therefore the ablated material undergoes successive phase transformations before reaching the vapour state and a very thin layer of molten material is formed under the ablation front. With reference 
In which Φ is the laser flux, A is the absorption of the inter- interfaces and ρ without index denotes the density in the condensed state. The mass flow during the vaporization process is a consequence of the thermodynamical non-equilibrium at the interface. As they vaporize, the molecules acquire a net translational velocity component through collisions at the molecular level, resulting in their distribution function becoming a shifted Maxwellian distribution. The finite layer through which the drift velocity can be acquired is called the Knudsen layer and is treated in the model as a gas-dynamic discontinuity. The jump conditions have been investigated by Knight[18] and are given in equation 3 :
In this expression, the indices v and e refer the state of the vaporized matter directly after the interface and on the edge of the Knudsen layer, as indicated on Fig. 2 ; M e represents the local Mach number on the edge of the Knudsen layer which is dependent on the environment downstream and γ is the heat capacity ratio in the gas mixture (see table 1 ). In vacuum, the flow reaches the sonic limit at the edge of the Knudsen layer [18] . The flow then becomes supersonic through isentropic expansion in vacuum [3] , meaning that the environment downstream of the Knudsen layer cannot influence the evaporation process. Due to the mass conservation and using the perfect gas law, the mass flow per unit area ρU v can be directly computed from equation 3 once the temperature T v of the interface is known:
By rearranging the terms, one can show that the RHS is equivalent to the well-known Hertz-Knudsen-Langmuir formula in vacuum taking an evaporation fraction α v of
The liquid near the interface is on the other hand assumed to be near equilibrium [18] . Therefore, a Clausius-Clapeyron relation is used to obtain the dependency between p v and T v in the gas: When sufficient time is allowed to heat the target, the ablation proceeds in a steady-state regime and
Therefore, the internal energy of any control volume becomes invariant with respect to time. This means that the heat conducted under the ablation front q liq v is balanced by the heat required to heat and melt the flow of material from the rest temperature T ∞ to the surface temperature T v :
In this regime, an implicit relation can thus be found to link the interface temperature to the laser flux Φ:
Power convected away by the vaporization process in which the Stefan-Boltzmann law was assumed for the radiation flux:
∞ . Determining the surface temperature from the flux, the net force per unit area p eff under the spot can be computed by summing the rate of momentum change and the pressure at the edge of the Knudsen layer:
Note that using the saturation pressure p v directly instead of p eff would yield to an overestimation of the thrust by about a factor 2. This is due to the fact that in the neighbourhood of the ablation front, the distribution in the gas molecules is close to an half-range Maxwellian distribution, plus a contribution of the backscattered molecules [12] . The thrust coupling coefficient C m provides a figure of merit for the laser-based deflection methods. It is defined as the ratio of the force exerted by the power injected :
Assuming the ablation proceeds in steady-state, Fig.(5) shows the thrust coupling coefficient computed for Forsterite and several materials that can be found on space debris. The values predicted seem to stall between 10 to 100 μN /W, which is consistent with the work of Phipps [19] . When transient effects are not considered, we see that the ablation threshold is essentially driven by the absorptivity-emissivity ratio of the material, with a high ratio (aluminium alloys) favouring the ablation onset. On the other hand, the plateau value reached by the coupling coefficient is essentially linked with the absorptivity-vaporization enthalpy ratio of the material. This explains why Forsterite, which has a much higher absorptivity than the other materials, has a better coupling coefficient than carbon, titanium and aluminium alloys. On the other hand, Carbon has a higher absorptivity than aluminium but also requires a much higher Vaporization energy. 
Model for a Moving Target
It was assumed in the previous section that the time allowed to heat a given point at the surface is long enough so that transient effects can be neglected. In practice, the tumbling motion of the target induces a limitation on the time available to heat a given point at its surface. Considering the relative 
In which the π 4 coefficient is due to the cylindrical shape of the laser beam (points crossing the beam on its sides will remain exposed less time than points passing through the centre). Therefore, in order to understand how the tumbling motion affects the ablation process, the transient heat equation needs to be solved. An enthalpy formulation with a frame attached to the moving ablation front is selected in Eq.(12), allowing to handle the different phase transitions in a more convenient way:
In this equation, U v is the recession speed of the ablation front and q, the heat flux, which is expressed through the common Fourier law q = −k dT dz . Eq.(12) can be solved numerically by taking N cells along the depth direction z and applying the conservation of the enthalpy to each of them as follows:
In which i is the index of the control cell and we wrote U v (T 1 ) to recall that the recession speed U v is computed from the interface temperature T 1 . The temperature T i of the i th control cell is recovered in real time from the enthalpy which is for convenience defined equal to 0 at the melting temperature:
The heat fluxes on the sides of the i th control cell are then computed from the Fourier law using central differences:
The boundary conditions are also introduced through the heat fluxes on the left of the first cell and on the right of the last cell respectively:
As already explained in Eq. (1), the boundary condition for q 1/2 simply states that the heat flux conducted through the gas/liquid interface equates the transmitted flux intensity to which is subtracted the flux radiated away (approximated from the Stefan-Boltzmann law of emission of a black body) and the heat required to vaporize the flow crossing the interface. Eq. (13) is integrated in Matlab c using ode23t which is suitable for moderately stiff problems. The time-dependent thrust coupling coefficient C tr m is recovered from the surface temperature at each time-step and an effective thrust coupling coefficient C m is simply obtained by averaging its value over the exposition period:
In which the 0.87 factor accounts for the losses due to the Gaussian power density of the main transverse electromagnetic (TEM 00 ) mode [20] in the laser beam and was found by inspecting the results of a 3D FEM simulation. The results are represented for Forsterite in figure 6 and a 1mm thin panel of aluminium alloy on figure 7. For this second simulation, the reduction of the sample thickness was also considered by integrating the variation of the thickness h through time together with the previous set of equations:
The second boundary condition was also modified to the boundary condition of a free surface:
It appears that the ablation threshold is shifted towards the temperature inside the material increases with respect to time according to :
Using the the reference temperature as a first approximation and inverting this relation in z=0 allows to estimate the ablation threshold (Φ √ τ ) Threshold :
In which Γ is the thermal inertial of the material Γ = √ ρc l k.
The ablation threshold was computed for the different materials in table 2 and is represented by the dashed black line on figures 6 and 7 and appears to be consistent with the result of the numerical model. The thickness reduction with the recession of the ablation front was also integrated together with Eq. (13) during the computations in the case of the thin aluminium panel and therefore a higher limit on the exposition time as a function of the flux is also visible in figure 7 . It corresponds to the time required to dig through the 1mm panel. From this figure, one can also see that the region of high efficiency only exists for a combination of very short exposition time and high fluxes. This is a direct consequence of the finite thickness of the material and supports the use of a pulsed laser system in the case of orbital debris rather than a CW laser system.
Pulsed Laser Model for Orbital Debris
In the case of space debris, we saw that the use of CW lasers to perform the deflection action is unsuitable because the debris components generally possess a finite thickness (typically less than 1mm) and the formation of molten bubbles in the evaporated cloud also needs to be avoided. On the other hand, with a pulsed laser system, the duration of the pulses can be chosen to be much lower than the exposition time. In that case, the pulsed laser system will be insensitive to the relative motion of the debris with respect to the laser beam. The model developed in the previous section can be directly applied to the case of a pulsed laser by simply substituting the pulse duration in the τ parameter. Using the ablation threshold of Eq. (25), a non-dimensional flux variableΦ can also be formed from the parameters of the problem :
The results of the model for the different materials are plotted as a function of the non-dimensional flux in figure 8 and compare well with experimental data. Both data sets were obtained by Rosen who studied the coupling on Al 2024-T3 [15] and Ti 6Al-4V alloys [12] using a XeF pulsed laser with 500ns pulses.
Contamination Model
The contamination model was adapted from the work of Kahle [3] . From the surface temperature T v , the density ρ e According to Kahle, the density at an arbitrary distance r from the reservoir and angle β measured from the local surface normal is approximately given in the continuum flow regime as :
The jet constant A p and the limiting expansion angle β max are assumed as equal to 0.345 and 130.45 degrees respectively. The stagnation pressure p 0 and density ρ 0 can easily be computed using the isentropic relations:
The Mach number M , pressure p and the velocity in the continuum regime can be computed considering an isentropic expansion of the plume:
The transition from the continuum regime to the free molecular regime happens when the distances between the molecules becomes too large for them to interact. In his simplified model, Kahle proposes to use a sudden transition when the mean free path of the molecules l mfp become larger than the beam diameter:
with the molecular radius r mole estimated around 2 · 10 −10 m. Once in the free molecular regime, the assumption is that the velocity becomes constant while the density still decreases with respect to the inverse of the quadratic distance to the spot. The contamination model then assumes that only a fraction x s of the particle impinging on the solar array will stick to it so that the growth of the contamination layer over time can be predicted as
In the last expression, ψ represents the angle between the normal to the solar panels and the impingement direction of the plume. The view function F is defined as following:
= 0 otherwise
Assuming the arrays are pointed towards the sun and the thrust manoeuvre is acted in the tangential direction with respect to the trajectory of the asteroid with the spacecraft remaining in the same orbital plane during the operations, we have:
In which h is the angular momentum, e the eccentricity of the orbit, V the velocity of the spacecraft and θ the true anomaly. Finally, a degradation factor χ can be computed using the Beer-Lambert-Bougier law:
where α is the mass attenuation coefficient which is about 10 4 cm 2 /g for Forsterite [3] . From experimental investigations, we also found that this contamination model predicts correctly the contamination level with a sticking coefficient x s of 0.5 [10] . Over the course of the deflection action a contamination layer will grow on the solar arrays with the degradation factor decreasing slowly from an initial value of 1. This will reduce over time the available input power to the laser system.
UNCOOPERATIVE TARGET REDIRECT MISSIONS
Several scenarios are considered in order to modify the trajectory of an asteroid or space debris. By uncooperative target, we designate inanimate objects which do not possess any internal mean to adapt their attitude or trajectory to ease the deflection mission. The orbital trajectory of (2010 KJ37), which is a 56m diameter AMOR asteroid, is considered for this benchmark. (2010 KJ37) has an estimated mass of 2.4E+8 kg and has several low probability impacts with the Earth over the next decades. For the formation option, the mass and diameter were virtually increased to 100m and 1.37E+9 kg respectively. In both cases, the deflection maneuver is assumed to start 5 years prior to a virtual impact with the Earth in 2036. Last but not least, we also investigate the case where the target is a large debris object in LEO.
Asteroid 2010 KJ37
Asteroid (2010 KJ37) is comparable in size with the asteroid that caused the Tugunska event in 1908 and is thus representative of near-future threats requiring potential mitigation actions to be taken. Two scenarios are investigated in this part: one with the original dimensions of the asteroid and another one with a 100m diameter and 1.37E+9 kg. In both cases, a 500m hovering distance is assumed and the deflection operations in proximity of the asteroid start 5 years prior to the virtual impact with the Earth. In order to form a virtual impact with the Earth in 2036, the orbital elements extracted from the JPL Horizons risk list were slightly modified as shown on table 3: The orbit of 2010KJ37 is represented in figure 9a . Using chemical propellant, the best transfer option would require a Δv of 6.5km/s as indicated in figure 9b. Lacking better information, the rotation rate was assumed from the formula
which gives the spin limit for asteroids larger than 100m and thus represents an approximation in the smaller case. In a real deflection scenario, an initial observation phase would allow to reduce the uncertainty on the different properties of the target. An estimate of the local surface velocity is then obtained by computing the product between the rotation speed and the asteroid radius, which gives a velocity of the ablated surface relative to the laser beam v rel that varies between 23.9 mm/s for the 56m case and 42.9 mm/s for the 100m case.
The output power of the laser is assumed to vary with respect to the square distance to the sun and will decrease over the lifetime due to contamination issues:
Where r AU is an astronomical unit. For a given amount of nominal output power at 1 AU P out (1, t 0 ) and a given optics able to focus the laser beam on a certain beam diameter D, our laser-matter interaction model returns the thrust generated and the mass flow rate impinging on the solar arrays, from which the growth of the contamination layer can be computed. The acceleration α t , which is imparted in the tangential direction, is computed from the thrust by dividing by the asteroid mass. The modified trajectory is computed by integrating Gauss' planetary equation using the initial values for the Keplerian elements in table 3:
Where V is the velocity of the NEO and h the angular momentum of the orbit. Note that for large asteroids and a small hovering distance, our model also allows to include the tugging effect of the spacecraft on the asteroid but this effect was not considered in the present study as the tugging force is about 3 orders of magnitude lower than the one due to laser ablation. Moreover, the correction manoeuvre on the spacecraft itself will induce an acceleration on the asteroid of the same order of magnitude as the tugging acceleration but in the opposite direction. Because the perturbed orbit of the asteroid is close to the original one, the achieved deviation δr can be computed from the variation of the orbital parameters δk = [δa, δe, δi, δΩ, δω, δM] at the expected minimum orbit interception distance (MOID).
in which ν = √ 1 − e 2 , θ * = θ + ω and M is the mean anomaly. From the deflection δr the impact parameter b at the time of the MOID can be computed (see Fig.10a where V NEO is the velocity of the deviated asteroid with respect to the Earth). The impact plane can be defined as the plane centred in the Earth and perpendicular to the velocity vector of the undeviated asteroid with respect to the Earth, U NEO , at the time of the impact (see Fig.10b where v E is the velocity of the Earth). The deflection vector x b in the b-plane coordinates can be expressed as:
where:
The impact parameter b is then defined as:
and provides an accurate estimation of the miss-distance. The laser-matter interaction model was incorporated in an orbit propagator to determine the deflection achieved for a mission starting the deflection action 5 years prior to the virtual impact. The inputs of this model are the unperturbed Keplerian elements of the virtual impactor, the nominal output power of the laser system (theoretical output power at 1AU at the start of operations), the beam diameter achieved at the focal length of the focusing optics, the distance between the spacecraft and the target and the duration of the deflection action. The returned value is the miss-distance approximated by the projection of the deflection distance on the target plane (b parameter). Note that the actual value of output power is modulated during the integration to account for the growth of a contamination layer on the solar panels and variation of output power with the square distance to the sun. Figure 11 and figure 12 show the resulting deflection as a function of the nominal output power and focusing ability of the laser system in the case of a 56m, 2.4E+08 kg asteroid and a 100m, 1.37E+09kg asteroid respectively assuming a spacecraft flying at a 500m distance. The results show that even a moderate laser system with 2.4kW of output power could achieve the deflection within 5 years and with an optics able to focus the laser light on a 3mm spot at 500m distance. As one would reasonably expects, the results on figure 12 indicate that the power requirement scale approximately with the cube of the asteroid size. For this second case, a single spacecraft with 9.6kW of output power could achieve a deflection of about 2 Earth radii within the time imparted and an optics able to focus the laser on a 7mm spot. Alternatively, the deflection of the larger asteroid could be achieved by a formation of 4 smaller spacecraft generating 2.4kW of output power each. This option offers a greater redundancy in the case of failure of a single spacecraft and also allow to fit the individual spacecraft in a medium-class launcher. If the swarm is not able to combine the beams in the far field, the beam diameter required to reach the same efficiency as in the single spacecraft option is reduced to 3mm. Indeed if the beam diameter was kept constant the flux on the target would not be the same and the mean heating time τ , which depends on this diameter through Eq. (11) would not be the same either.
Large Debris in SSO Figure 13 : The Envisat Satellite, image courtesy of ESA
We now consider the case of an 8-ton man-made debris in sun-synchronous orbit around the Earth. A typical study case is the ESA's envisat satellite (see fig. 13 ) which was lost in 2012 and is now flying uncontrolled at an altitude of 765km. The initial orbital elements can be reviewed in table 4: While the eclipses duration are initially identical due to the sun-synchronous nature of the original orbit, this will not remain true while the altitude of the satellite decreases. Therefore, a J 2 perturbation term was added to Eq. (40) to correctly predict the drift in the ascending node and argument of perigee over the course of the deflection mission. Eclipses are accounted in our calculations using a cylindrical shadow approximation which is reasonable for satellites in LEO (the Earth shadow cone being about 106 times longer than its diameter). The assumption is that the laser system only works when the solar panels can receive light from the sun. This configuration is judged to require less mass than an alternative configuration with batteries and a smaller laser system producing the same average power. The eclipses can be calculated by considering the ellipse resulting from the intersection between the shadow cylinder and the orbital plane of the spacecraft first and then calculating the intersections between this ellipse and the spacecraft trajectory.
With reference to figure 14, for a quasi-circular orbit, the semi-angular distance between the shadow entrance and the shadow exit of the spacecraft ψ can be computed as a function 
For a general orbit, a shadow function can be formed as a function of the spacecraft keplerian elements and the sunearth direction vector expressed in the perifocal reference frame [21] . The shadow function is computed as
An eclipse occur when both the function g(θ) > 0 and the scalar product s · r s/c > 0. When the spacecraft is under the sunlight, a conservative thrust coupling coefficient of 15μN/W is assumed, which accounts for the fact that the thrust imparted is only tangential in average. The mass reduction due to the slow vaporization of the target debris is also accounted by the model. An average I sp of 150s is used in the computation. In absolute, this value would depend on the surface temperature reached during the laser pulse. However, for an alluminium alloy, our model indicates that the value only varies from 120s to 185s for temperatures ranging between the boiling point (2790K) and the critical temperature (6700K). The results on figure 15 show the decrease of altitude as a function of the output power of the laser and the duration of the mission. Hence, a laser producing 3kW of output power would in theory allow to decrease Envisat's altitude down to 400km in less than 500 days.
SYSTEM DESIGN FOR AN ASTEROID REDIRECT MISSION
From the results in the last section, it appears that a single spacecraft or a swarm of 4 spacecraft carrying each a laser system producing 2.4kW of output power and with an optics able to focus the beam on a 3mm spot on the target would be sufficient to achieve the deflection maneuvre in less than 5 years of operation. In this section, we attempt to describe the laser system envisaged to realize this requirement in a Figure 15 : Evolution of the altitude of Envisat as a function of the output power of the laser system and the mission duration power efficient, redundant and scalable way and converts the requirement on the laser system into general requirements on the spacecraft bus. Additionally, we provide in the first point some preliminary guidelines for the conception of the pulsedlaser system required in the debris case.
Laser System
The mass of the laser system can be estimated by extrapolating previous results obtained during the sysnova study which considered the deflection of a small asteroid using a 860W laser [9] . From this study, a mass of 12 kg per kW of input power was found for the solid-state laser. The state-of-theart efficiency of diodes is 70% and is expected to increase to 80% in the near future [22] . In this study, we considered an efficiency of 55%. The optics considered in the sysnova study consisted in a beam expansion and focusing telescope with a primary mirror of 100mm, which had an estimated mass of 9.9kg. The diameter of the primary mirror required to achieve a diffraction limited beam of 3mm at the focal distance f of 500m for a laser with a wavelength λ of 808nm and a Msquared value M 2 of 1.4 is
The M 2 parameter is the laser beam quality factor which characterizes the divergence of the beam with respect to a purely Gaussian laser beam. A higher value increases the requirements. Assuming the mass of the optics scales with the square of the diameter of the primary mirror, we obtain a mass of 57kg. A possible configuration for the laser system is shown in figure 16 . It essentially comprises 3 elements:
1. The fiber laser chassis which is connected to the electric bus and rejects heat towards the radiators. 2. The spectral beam combination (SBC) module which comprises the fiber array, a transform mirror and the diffraction grating which reflects the different beams with a different angle due to the slightly different wavelength so that the output is a single beam combining the uncoupled incident beams. Lockheed Martin is using this design in its 60 kW laser for the HEL-MD.
3. An off-axis beam expansion and focusing telescope which Figure 16 : Passive, redundant and up-scalable laser-system design using a spectral beam combining technique and an offaxis beam expansion and focusing telescope allows focusing the laser beam on a 3mm spot at a 500m distance.
Note that the use of high reflective surfaces both in the SBC module and for the beam expansion telescope will limit the heat production by absorption of the incident light. On the other hand, the use of spectral beam combination technique provides a passive method to upscale the design to higher power, while allowing an increased redundancy in the laser system. The spectral beam combining has the advantage over coherent arrays of permitting independent modulation of the lasers and not requiring precise wavelength and phase control. In addition, such arrays also allows the separate beams to be overlapped in both the near and far fields without spatial interference. Assuming a combination efficiency of 91% [23] , a global laser system efficiency of 50% is considered. With additional margins of 20% both for the optics and the laser system, a total mass of 140kg is obtained for the laser payload as can be seen in table 5. Note that this design could also serve as the basis for the design of the pulsed laser system employed in the debris case, with the fiber array and SBC module used to pump an actively Q-switched Nd:YAG laser for instance. In order to have sufficient margin with respect to the ablation threshold (Φ √ τ ≈1E+09 for instance), a system able to deliver a train of 10ns pulses containing an energy per pulse of 100J at a repetition rate of 33.3hz and an optics such that the diffraction limited beam has a diameter of 1cm could be considered. Such a system would deliver an average power of 3kW on the target. Taking into account the additional optical-to-optical conversion due to the diode-pumping, an E/O efficiency of 35% seems attainable with current technologies [24] , giving a required input power of 8.57kW. From our model, this would allow to reduce Envisat's altitude down to 400km in less than 500 days.
Spacecraft Subsystems
The spacecraft subsystems must ensure the transfer from the Earth to the asteroid and provide the necessary power to the laser system in order to carry on the deflection mission successfully. The spacecraft also needs to maintain a 500m hovering distance and reasonable pointing accuracy during the 5 years duration of the proximity operations. After iterations on the design, a total wet mass of 1322kg was found for the spacecraft and the mass breakdown between the different subsystems can be reviewed in table 6. A C 3 escape energy of 2.25km 2 /s 2 was assumed with the remaining of the transfer completed with a low-thrust trajectory using Snecma's PPS-5000 hall effect thruster which has an Isp of 2300s and requires 5kW of input power (which are available during the transfer phase). A combination with 2 thrusters (with only 1 working at a time) and 2 PPU/TSU units is considered for redundancy against the failure of a single engine or the high voltage power converter. Lacking better information, a remaining transfer Δv of 6km/s was considered in the computations, with an additional safety margin of 30% (making it a total transfer Δv of 7.8km/s using the low-thrust engine and 1.5km/s from the launcher). One clear advantage of the lowthrust option is that it makes use the large available power during the transfer phase, which would otherwise remain unused since the laser only starts operating after rendezvous with the asteroid. Triple junction GaAs solar cells from Azurspace are considered for the solar arrays which are made of two wings of 10.3m 2 each. Considering a packing efficiency of 85% and an electric conversion efficiency of 26.6% 2 (accounting for the damage from the radiations in the interplanetary medium and the transmission of a coverglass with thickness of 100μm), this should provide about 6.43kW at 1AU. The AOCS consists of 4 RSI 45-745/60 reaction wheels placed in a redundant tetrahedral configuration. In addition to these a combination of 1N hydrazine thrusters are needed to facilitate orbit insertion and proximity manoeuvres required to compensate for the perturbations coming from the solar radiation pressure on the solar wings. The other perturbations, coming from the gravity of the asteroid and the laser recoil force are assumed to be compensated by the electric propulsion system and require only a negligible amount of Xenon propellant. The AOCS also includes 2 star trackers, a LIDAR and wide angle camera for navigation.
According to figure 17, a medium class launcher such as Soyuz or Falcon 9 could put the spacecraft on its interplanetary course [25] [26] . Launch capabilities (in kg) for interplanetary missions depend on the characteristic energy C 3 which is a measure of the excess specific energy over that required to just barely escape from the Earth. 
CONCLUSION
In conclusion, we developed a new model of the lasermatter interaction applied to targets made of asteroid or thin debris materials. This model can predict the thrust coupling coefficient attained in theory by CW or pulsed laser systems on a given material. Comparisons with published data for aluminium and titaninum alloys show that the thrust coupling predicted is in good agreement with the experiments. Integrating these models within an orbit propagator, we also observed the influence for a given deflection scenario of the output power and focusing optics of the laser system assuming a 5 years duration for the mission. Additionally, we investigated the ability of a pulsed-laser system to de-orbit Envisat as a function of the mission duration and the ouput power produced by the laser. The results on the asteroid case indicates that a medium launcher could be used to inject a 1.3T spacecraft or a fleet of such spacecraft to deflect asteroids ranging from 50 to 100m in diameter. Our preliminary results for the debris case also indicates that an actively Qswitched diode-pumped solid state laser (DPSSL) with 3kW of output power would reduce the altitude of Envisat in less than 500 days. Future works will assess the ability of such a mission to fit in a Vega launcher and the possibility to deorbit multiple large debris in SSO with such a system.
